Using an effective lagrangian approach, we identify a class of models in which the loop-induced magnetic moment form-factors of muon are enhanced by possibly large
Introduction
The recently announced measurement [1] of the muon anomalous magnetic moment:
which differs from the standard-model (SM) prediction [2] by 2.6σ:
indicates that a relatively large positive new contribution to a µ is needed, hinting thus at new physics above the electroweak scale. If the new contribution to (g µ − 2) is induced at loop level, which is the case in models of neutrino masses [3] , supersymmetric models [4] , models with extra dimensions [5] , models with enlarged gauge [6] , Higgs [7] or fermion [8] sectors, models with leptoquarks [9] or models of compositness [10] , then the largeness of ∆a µ implies usually a quite strong uper bound of order O(100) GeV on the new physics mass scale. While in some models there exist a mechanism to enhance the new contribution to a µ (e.g. , in supersymmetric models it is enhanced by large value of tan β), in others the masses and couplings of new particles should be tuned to satisfy the experimental value of ∆a µ .
At the same time, the new physics which gives rise to ∆a µ should likely affect also other leptonic observables. The most sensitive of them are the lepton flavour violating (LFV) processes, such as the decay µ → eγ, which occurs in the presence of flavour non-diagonal couplings. The connection between ∆a µ and µ → eγ is particularly natural because both of them are induced by the same type of magnetic operators. In addition, if the same new physics gives also rise to non-zero neutrino masses and mixings, the LFV processes must be large [3] due to almost maximal mixings in the neutrino sector [11] .
To classify the models above, an effective lagrangian description of new physics is a useful tool [12] . For ∆a µ the effective lagrangian analyses was done in Ref. [13] in which all dimension-6 operators inducing ∆a µ were considered. Their general result agrees qualitatively with the results in each specific model: the new physics scale Λ should be relatively low, just above the Fermi scale Λ F . On the one hand, this implies that the effective lagrangian description is not suitable for precision calculations because the higher order operators (dimension-8 and higher) may not be suppressed compared to the dimension-6
operators and in some cases may even dominate. On the other hand, because of the conceptual simplicity, the effective lagrangian language is still useful to understand the generic behaviour of certain class of models under consideration. Once the general properties are understood, the precision calculations may be performed in each model separately. This is the philosophy we adopt in this paper.
The purpose of this paper is to identify a class of models in which left-and rightchirality mixing dimension-8 effective operators inducing ∆a µ at one loop dominate over the dimension-6 operators. These operators were not considered in Ref. [13] . The fac-
2 ) occuring in the magnetic moment form-factors in these models may be large enough to significantly enhance the new physics contributions to ∆a µ and to µ → eγ. We analyze these two processes here. To illustrate the general result we propose a simple model in which the enhancement occurs, and perform exact calculations in that model.
Effective lagrangian approach
Assuming the new physics to appear at the scale Λ, the relevant terms in the effective lagrangian contributing directly to magnetic moments are
and
Here e iL and e iR are chiral charged-lepton fields, D = ∂ + ie A, the Lorentz indices are µ, ν, and the indices i, j denote generations. Since these terms cannot be obtained from renormalizable vertices at tree level, we expect them to be generated at one loop. That is the reason we already included a factor (4π) 2 in the denominator.
We have written L σL and L σR in a particular form involving only left or right chiral fields.
The two operators could be combined by using the equations of motion for the leptons. In this case we obtain
where where m e is the charged lepton mass matrix and the generation indices are suppressed.
In chiral theories, like the ones we want to consider, magnetic moments appear always in the form eq. (5) and are proportional to the fermion masses. In more general theories with chirality explicitly broken independently of the fermion masses, operators like eq. (5) but with an arbitrary matrix M could arise.
The dimension-6 four fermion operators inducing eq. (5) at one loop level are considered in Ref. [13] . Here we consider the effective lagrangians of the type
where Φ is the SM Higgs doublet,Φ = τ 2 Φ * and e However, the pairs of indices (ik) and (lj) are totally independent. Therefore there is no need to write down the corresponding RL operator which is of the form of the hermitian conjugate of eq. (6); all such independent terms are already included in eq. (6). We assume α LR ik;lj to be
The enhanced one loop contribution to magnetic form-factors. The chirality flip in the internal lepton line is denoted by ×.
real. We have chosen the form eq. (6) because it is simple for loop calculations. One could perform a Fierz transformation of eq. (6) to get rid of the charge conjugate fields. However, the simplicity will be lost in this case and the tensor operators will occur. In addition, the operators of type eq. (6) arise naturally in the class of models we shall consider.
After the Higgs boson will acquire the vacuum expectation value (vev) v, the corresponding four-fermion operator will occur which gives a contribution to magnetic moments via the one loop diagram depicted in Fig. 1 . On the one hand, this is suppressed by v Again, these large logarithms never occur when the chirality flip occurs in the external line.
Numerically, for example for
1 In SUSY models the enhancement of ∆a µ has a similar origin [4] : for large tan β the slepton LR mass terms m LR become large. However, no large logarithms occur in SUSY models since the superpartner masses are of the same order of magnitude.
overcomes the suppression factor v 2 /Λ 2 ≈ 1/16, and significant enhancement of loop induced magnetic moment form-factors will occur.
To show this with an explicit calculation, we express the relevant matrix element in the most general way as
where p i , p j are the lepton momenta and q is the momentum of the photon. We calculate the form factors f E0 , f E1 , f M 0 and f M 1 induced only by eq. (6) via the diagram in Fig. 1 (similar diagrams without the enhancement are considered in Ref. [14] ). For i denoting the initial and j the final state particle and k the particle running in the loop the answer reads
where
and we have taken q 2 ≤ 0. In the limit of on-shell photon, which is the case we are interested in, the function F simplifies to
It is clear from eq. (9),(10) that an enhancement of the form-factors by m k /m i ln(m
will occur. This is the case for both anomalous magnetic moments with i = j as well as for the transition magnetic moments with i = j.
Let us now turn to studies of specific observables. The new physics contribution from the effective lagrangians eq. (5) and eq. (6) to the muon anomalous magnetic moment is given by ∆a µ = 2m
As we expect α σL ∼ α σR ∼ α LR the loop induced contribution from eq. (6) clearly dominates.
Similarly, the l i → l j γ rate divided by the l i → l j ν iνj rate is given by
where α = 1/137 and G F is the Fermi constant. For the decay µ → eγ one has i = µ, j = e and the corresponding transition form-factors are
Again, a significant enhancement of the µ → eγ rate is expected.
Let us now turn to discussion of our general results. Assuming that only one of the couplings α 
which is orders of magnitude above the present limit R(µ → eγ) < 1.2·10 −11 [15] . This shows the correlation between ∆a µ and R(µ → eγ) in these models. Because the experimental value ∆a µ ≥ 215 · 10 Table 1 : Upper bounds on the scale Λ if either internal τ or µ contribution to ∆a µ dominates. The upper bounds on the LFV couplings α LR are given for the same Λ.
of ∆a µ fixes Λ to be at relatively low scale, and because the process µ → eγ is much more sensitive to new physics than (g µ −2), the only way to suppress the µ → eγ rate is to suppress the LFV couplings. The upper bounds on the couplings α LR µk,ke obtained for the present limit on µ → eγ as well as for the expected limit R(µ → eγ) < 2 · 10 −14 [16] are presented in Table   1 . Here we have assumed that α 
An explicit model
Here we present and explicit model in which the operators of type eq. (6) 
and two additional scalar fields, a triplet ξ and a singlet χ:
The latter two fields carry lepton number −2. The triplet couples to lepton doublets L via the Yukawa interaction
while the lagrangian for the χ coupling to lepton singlets is µ which can be achieved, e.g. , in models with extra dimensions [18] . This model has also a number of unique experimental signatures at future collider experiments [19] .
For our studies here only the doubly charged Higgs bosons are important. The enhanced contribution to ∆a µ and µ → eγ arises from the diagrams depicted in Fig. 2 . In order to get the same chiral structure as in the effective lagrangian eq. (6), mixing of the left-handedly (triplet) and right-handedly (singlet) interacting particles must occur. This is explicitly shown in Fig. 2 
Notice that the off-diagonal entry is proportional to ∼ v 2 . Thus the mixing between the two doubly charged Higgses is roughly given by ∼ v 2 /m Explicit calculation shows that the enhanced new physics contribution to a µ in our model
time. Both of them are experimentally observed quantities. Our knowledge of the neutrino mass matrix implies that at least f µτ , and possibly also f µe entries in the Yukawa matrix f must be large. This is because of almost maximal mixing angles in the neutrino sector [11] .
To satisfy the experimental constraints on R(µ → eγ) one has to suppress the couplings h µτ f eτ and f µτ h τ e . Since this is impossible for f µτ if we want to induce the observed neutrino properties, we conclude that the LFV couplings of h ij must be very much suppressed (see Table 1 ).
Conclusions
We have shown that the left-right chirality mixing dimension-8 effective operators of type eq. (6) give radiatively induced contributions to muon magnetic moment form-factors which are enhanced by (Λ 
